This study evaluated different initiator systems in self-etching model adhesives, in which camphorquinone (CQ) or [3-(3,4-dimethyl-9-oxo-9H-thioxanthen-2-yloxy)-2-hydroxylpropy] trimethylammonium chloride (QTX) was employed as a photoinitiator (dye). N-phenylglycine (NPG), ethyl 4-dimethylaminobenzoate (4E) or 2-(dimethylamino) ethyl methacrylate (DMAEMA) was used as the coinitiator (CI). The role of diphenyliodonium hexafluorophosphate (DPIHP) in the polymerization process was also studied. The concentrations of dye, CI, and DPIHP in model adhesives were all maintained at 0.022 mmol per gram monomer. The model adhesive contained two monomers: (bis[2-(methacryloyloxy)ethyl] phosphate) (2MP) and 2-hydroxyethyl methacrylate (HEMA) whose mass ratio was 1:1, thus representing an acidic and hydrophilic formulation. The polymerization rate and the degree of conversion (DC) of the model adhesives with 5, 15, or 25% water content were determined using FTIR/ATR with a time-based spectrum analysis. The results indicated that with CQ as the photoinitiator, 4E appeared to be the most efficient CI, whereas the CQ-DMAEMA combination led to very low radical generation efficiency (DC < 5%). DPIHP exhibited little effect on the polymerization process. With QTX as the photoinitiator, however, DPIHP played an essential role. Without DPIHP, all three QTX-CI systems failed to initiate polymerization (DC < 5%). The QTX-DPIHP combination, on the other hand, was found to be a viable initiator system. The above results provide the critical information for the development of self-etching adhesive systems.
INTRODUCTION
Early-generation dentin adhesives are relative hydrophobic and usually cannot penetrate through the demineralized dentin layer. The development of the wet bonding technique 1, 2 has led to higher bond strength by preventing the collapse of demineralized dentin and enhancing the infiltration of adhesive into collagen networks. This requires the adhesives to be hydrophilic enough to wet the dentin and to be more moisture resistant. 3 These adhesives usually use the total-etch technique, which involves separate acid etching and rinsing steps. 4 However, excessive etching of dentin may produce weak bonding due to incomplete impregnation of the collagen fibrils by the resin at the base of the demineralized dentin. Furthermore, the amount of moisture in the demineralized dentin, which has a crucial effect on the bonding strength, cannot be clinically controlled, [5] [6] [7] making the total-etch process extremely technique sensitive. The contemporary self-etching adhesives/primers were designed to combine both the etching function and the resin-forming function, thus eliminating rinsing steps. Compared to total-etch adhesives, self-etching adhesives are generally more user-friendly, less technique sensitive, and easier in achieving an acceptable seal. 8, 9 Although the bonding between self-etching adhesives and dentin [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] has been extensively studied, most of such studies have so far focused on the structural and mechanical properties of the interface between the dentin and resulting resin. As to the polymerization process itself, little efforts have been devoted. As mentioned earlier, self-etching adhesives are relatively hydrophilic. Camphorquinone (CQ), the widely used photoinitiator, however, is relatively hydrophobic. It is known that CQ has difficulties in initializing polymerization of water-soluble monomers, such as HEMA in aqueous solutions. 21 It is thus legitimate to ask how efficient CQ is in initializing the polymerization of relatively hydrophilic self-etching adhesives under wet conditions. Hayakawa et al. [23] [24] [25] [26] [27] have employed QTX as a water soluble photoinitiator in hydrophilic dental adhesive formulations, and have shown that it can improve the bond strength of composite resin to dentin. Although these studies clearly point to the importance of water soluble initiators, how various initiator systems, whether being hydrophilic or hydrophobic, affect the polymerization rates and degree of conversion (DC) has not been explored. The objective of the present study was to gain deep understanding of how various initiators, coinitiators (CI), and the additional third component found in model self-etching adhesives affect the photo-polymerization process. Our studied systems have CQ or QTX as the initiator, NPG, 4E or DMAEMA as the CI, DPIHP as the third component, and 2MP/HEMA as the monomers. The polymerization rates and DCs were evaluated via the FTIR/ATR spectroscopy. It is hypothesized that the different photoinitiator components would affect polymerization of acidic, aqueous 2MP/HEMAbased adhesive. In addition, because of its ability to enhance radical efficacy, addition of DPIHP will significantly increase both final conversion and overall conversion rate of all photoinitiator systems that do not contain it.
MATERIALS AND METHODS

Model resin and photoinitiator systems
The monomer mixtures used in this investigation consisted of 2MP (Aldrich, Milwaukee, WI) and HEMA (Acros Organics, Morris Plain, NJ) with a mass ratio of 1/1. This composition is similar to that used in commercial two-step self-etch dentin adhesive formulations such as Clearfil Liner Bond 2V (Kuraray America, Inc., New York, NY). The chemical structures of all compounds used in the initiator systems are shown in Figure 1 
Collecting real-time FTIR/ATR spectra
Real-time in-situ monitoring of the photocuring of the different solutions was performed using an infrared spectrometer (Spectrum One, Fourier transform infrared spectrophotometer, Perkin-Elmer, Waltham, MA) at a resolution of 4 cm −1 . 28, 29 The adhesive/water mixtures were cast on the diamond crystal top-plate of an attenuated total reflectance (ATR) accessory (Perkin-Elmer, Waltham, MA), covered with a mylar film. The ATR crystal was zinc selenide (ZnSe) with a transmission range between 650 and approximately 4000 cm −1 . A time-based spectrum collector (Spectrum TimeBase, PerkinElmer) was used for continuous and automatic collection of spectra during polymerization at a rate of one spectrum every 0.4-0.6 s. At this high rate and resolution, the signal-to-noise ratio of spectra is sufficient for spectral analysis. A 40-s exposure from a conventional dental light polymerization unit (Spectrum Light, Dentsply, Milford, DE) emitting 550 mW/ cm 2 was applied after 50 spectra had been recorded. Real-time IR spectra were continuously recorded for 300 s after light activation began. Three separate replications for each adhesive formulation were obtained. Data on the DC and polymerization rate were analyzed using analysis of variance (ANOVA), together with the T test (p < 0.05).
Calculation of monomer conversion and polymerization rate
The DC and polymerization rate were calculated for each adhesive formulation. The change of the band ratios profile with 1637 cm −1 (C=C)/1715 cm −1 (carbonyl) was monitored and DC was calculated by the following equation which was based on the decrease in the absorption intensity band ratios during light curing. Two-point baseline and peak high ratio protocol were employed to measure the absorption intensity. The DC was calculated based on the last 20 spectra of time-resolved spectra. One DC value was an average of 60 points. The maximal polymerization rate (R max ) was determined using the maximum slope of linear region of the DC-time plots by using the least square linear fitting. The polymerization rate of each formulation was an average of three slopes.
RESULTS
Representative real-time FTIR spectra of one model adhesive formulation collected at different time during photopolymerization are shown in Figure 2 . The band occurred at 1715 cm −1 is associated with carbonyl group in the resin monomers and the band at 1637 cm −1 is associated with C=C in methacrylate monomers. It can be seen that the absorbance (peak height) of the 1715 cm −1 band remains unchanged while absorbance at 1637 cm −1 decreases indicating consumption of methacrylate C=C bonds during polymerization. Based on these two bands, the DC at different curing time can be determined.
Time-based conversions of the model adhesives initiated by different CQ-containing initiator systems in the presence of 5, 15, and 25% water are shown in Figure 3 (a-c), respectively. Comparison of the plots in Figure 3 revealed different polymerization kinetics in the presence of the various CI systems. Most of the changes in DC were finished within 60 s after light activation. The results showed that for this very hydrophilic and acidic monomer mixture, CQ/DMAEMA could hardly initiate polymerization, whereas 4E was the best CI among the three. Adding the third component DPIHP did not result in any improvement on the initiating efficiency or polymerization of CQ/amine systems.
Final conversion values for each formation in the presence of different water contents were calculated and are presented in Figure 4 . Their polymerization rates determined based on the slopes of linear region of the plots are shown in Figure 5 . The polymerization rates were not calculated for those systems with DC less than 10%, due to the poor linear fitting. Among the three CQ-containing initiator systems, CQ/4E gave the highest DC (79.1 ± 0.7%) and the fastest polymerization rate (1.15 ± 0.01) in the presence of 5% water. Addition of water had a dramatic effect on both the DC and rate of polymerization of systems initiated by this CQ/ 4E system (p < 0.05): with increasing water content, both the rate and final conversion decreased (Figs. 4 and 5) . However, for other initiator systems, addition of water did not seem to have such a dramatic effect. For all three CQ-containing systems, the incorporation of DPIHP did not cause any significant value changes (p > 0.05).
When QTX was used as the initiator, very different results were obtained. Time-based conversions of the model adhesives initiated by different QTX-containing initiator systems in the presence of 5, 15, and 25% water are shown in Figure 6 (a-c), respectively. The results showed that all three QTX-containing initiator/CI systems failed to start photopolymerization when DPIHP was not added. With DPIHP, the DC plateaus jumped from nearly zero (0-5%) to the values in the range from ~20% to ~75% for the three systems at different water contents. In contrast to the CQ-containing systems, DPIHP played a very important role in QTX-containing initiator systems.
Final conversion values and polymerization rates for each QTX-containing formation in the presence of different water contents were calculated and are presented in Figures 7 and 8 . Without DPIHP, the final DC values were all less than 5%; the values for polymerization rate were not given due to poor fitting. Among all QTX-containing initiator systems, QTX/ 4E/DPIHP combination gave the best results: the DC at 15% water content (73 ± 1.7%) was almost twice as high as those of other two initiator systems. The highest polymerization rate was 2.13 ± 0.01 at 5% water content. With increasing water content, both the rate and final conversion decreased for all three DPIHP containing systems (p < 0.05), except for QTX/ 4E/DPIHP, in which we observed a slight increase in DC when water content increased from 5 to 15%.
To find out if the amines are necessary for initiating polymerization, QTX and DPIHP, as well as CQ and DPIHP initiator systems were also studied. The relationships of DC via time of the model adhesives initiated by CQ/DPIHP, or QTX/DPIHP in the presence of 5, 15, and 25% water are shown in Figure 9 . The conversion values and polymerization rates are presented in Figure 10 . The results showed that QTX/DPIHP did initiate the polymerization of 2MP/HEMA mixture, while CQ/DPIHP did not. With DPIHP, QTX could initiate polymerization with or without the presence of a tertiary amine as the CI. Based on similarity between the value bar profiles in Figure 10 and those in Figures 7 and 8 , the above results indicated that CIs did not play a critical role in the polymerization initiation process when QTX was employed as the initiator.
DISCUSSION
It is well known that the bonding strength between the adhesive and dentin depends strongly on the degree of monomer conversion. Monomer conversion in a photo-initiated polymerization, on the other hand, is sensitive to the initiator and CI used, the types of monomers and the reaction medium. For self-etching model adhesives, the monomers are relatively acidic and hydrophilic. The polymerization is usually carried out in the presence of moisture. Although a number of self-etching adhesives have been well studied and commercially applied, no systematic studies have been carried out in regard to the understanding of how different initiators, CIs as well as other components affect the polymerization rate and monomer conversion. The results of this study support the first proposed hypothesis that the different photoinitiator system components dramatically affect polymerization of acidic, aqueous 2MP/HEMA-based resins. However, the results reject the second hypothesis. Addition of DPIHP had different effects on both final conversion and overall conversion rate of two different photoinitiator systems. With CQ as the photoinitiator, DPIHP exhibited little effect on the polymerization process. With QTX as the photoinitiator, however, DPIHP played an essential role. Without DPIHP, all three QTX containing systems failed to initiate polymerization.
There are numerous reported photoinitiator systems. Among these systems, the three CQcontaining initiators used in this study are very popular. It was shown that the reactivity ranking was CQ/4E > CQ/NPG > CQ/DMAEMA. Addition of the third component (iodonium salt) DPIHP did not cause any improvement on the kinetics of polymerization (Figs. 3 and 4) . These results are different from the previous results on polymerization of HEMA or HEMA/BisGMA model resin initiated by these systems. It was reported that 21, 22 in CQ/amine initiator system, the incorporation of iodonium salt could facilitate the polymerization process of HEMA. We have previously shown the iodonium salt DPIHP could also accelerate the polymerization of the BisGMA/HEMA mixture. 30 For example, the CQ/DMAEMA/DPIHP initiator system 30 was shown to be an excellent one in initiating the BisGMA/HEMA (weight ratio 60/40) model adhesives with very high DC and polymerization rate in the presence of water. The same system, however, could hardly initiate the 2MP/HEMA (weight ratio 1/1) model adhesive (DC < 5%) (Fig. 4) .
To explain the above results, the initiating process of a CQ-amine-iodonium salt is discussed below, which is generally accepted as the following: 22 For the model adhesives employed in this study, our results indicated that the amines applied played a critical role in initiating polymerization. Among the three amines used, 4E gave the highest DC whereas DMAEMA the lowest. This trend is consistent with the basicity order of the three amines. 4E is the weakest base whereas DMAEMA is the strongest one. Apparently, the higher acidity of the monomer impeded the polymerization, presumably by forming an ammonium salt with DMAEMA thus preventing DMAEMA from serving as an electron donor. The stronger the basicity of the amine is, the higher the tendency of salt formation between the amine and the acidic monomer will be. Salt formation blocks the electron transfer step [Eq. (2)], thus preventing radical initiation.
Although DPIHP was found to be a good promoter for CQ-amine photoinitiated polymerization of HEMA and bisGMA/HEMA systems, the addition of DPIHP did not result in significant improvement in DCs for all three CQ-based initiator systems. Clearly, this has something to do with the acidity of monomer 2MP. The acidity of 2MP limits the regeneration of CQ [Eq. (5)] which likely accounts for the inconsequential effect of DPIHP for acidic monomers. These results indicate that when selecting a photoinitiator system, one must take into account the acidity and the hydrophilicity of the monomers as those properties affect strongly the polymer initiation process.
Although DPIHP appears to be ineffective for acidic monomers using CQ-amine as the initiator-coinitiator, its presence is essential when QTX is used as the initiator. Without DPIHP, no or negligible polymerization was observed. With DPIHP, QTX can initiate polymerization with or without the added amines, although the addition of amines improves the DCs to some extent. These results indicate that photo-excited QTX can react with DPIHP to generate active radicals which initiate polymerization.
To study the acidity effect on the polymerization, 2MP was replaced with equal amount of HEMA in the formulation with 5% water. The DCs of QTX-DPIHP and QTX-4E initiator systems were 7 ± 1% and 7.9 ± 0.8%, respectively. With 2MP, the DC of QTX-4E initiator system decreased to 3 ± 1% whereas that of QTX-DPIHP increased 60 ± 1%. These results may be explained by a proposed initiation mechanism shown in Eqs. (6)- (9) . After QTX is excited by a photon [Eq. (6) ], it can undergo either an intramolecular charge transfer (CT) [Eq. (7)] or intermolecular CT [Eq. (9)] process. For the QTX-4E system, intermolecular CT process, followed by H-abstraction results in active alkyl radicals which initiator polymerization. For the QTX-DPIHP system, active phenyl radical is generated after consecutive intramolecular [Eq. (7)] and intermolecular [Eq. (8) ] CT processes. Both QTX-4E and QTX-DPIHP can thus initiate polymerization. They both, however, are not efficient initiator systems for nonacidic monomers. Under acidic condition, intramolecular CT process is significantly enhanced due to the neutralization of the oxide anion with the proton to form hydroxyl group [see Eq. (7)]. For the QTX-DPIHP system, this enhanced intramolecular CT process results in higher concentration of the phenyl radical (after step 8), and thus improves the polymerization process. For the QTX-4E system, however, the enhanced intramolecular CT process leads to less competitive intermolecular CT process and therefore lower concentration of active alkyl radicals. It is thus understandable why acidic monomers polymerize well with QTX-DPIHP as the initiator but poorly with QTX-4E as the initiator. As stated earlier, incorporation of 4E into the QTX-DPIHP system enhances the polymerization rate and DC. This can be explained by the fact that both the intramolecular and intermolecular CT processes lead to active radicals.
In summary, two different initiator systems have been studied for the photopolymerization of 2MP/HEMA model adhesives. For CQ-containing initiator systems, amine as the coinitiator plays a critical role in the initiating process, while DPIHP as an added third component does not lead to noticeable improvement in the polymerization. The polymerization performance depends strongly on the amines applied. Among the three amines studied, 4E gives the best results whereas DMAEMA can hardly initiate polymerization. These results are opposite to their relative basicity with the weakest base (4E) showing the best performance. Such data indicate that protonation of the amines is a major obstacle preventing the polymerization of acidic monomers. For QTX systems, QTX-DPIHP alone can effectively initiate the polymerization of acidic monomers. This is explained by the existence of dominant intramolecular CT process associated with the excited QTX molecule. It also accounts for the observation that QTX-amine alone could not initiate the polymerization of acidic monomers. Representative FTIR spectra of the 2MP/HEMA model adhesive containing CQ/4E initiator system in the presence of 5% water collected at different time (from 30 s to 140 s, every 10 s). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] The degrees of conversion and polymerization rates of the model adhesives initiated by different amine-free initiator systems in the presence of different water content. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
